T98G cells are mutant for p53. LN-308 cells do not express any p53 protein (Van Meir et al, 1994; Weller et al, 1998) . The human glioma cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 1 mM glutamine and 1% penicillin-streptomycin. HCT116 cells were cultured in McCoy's 5A medium supplemented with 10% ). At these concentrations, RNA synthesis at 7-8 h was inhibited by ActD by 90% and 88%, and protein synthesis by CHX by 79% and 92% in LN-229 and T98G respectively (data not shown). Data are expressed as mean percentages of survival and s.e.m. relative to untreated cells or cells exposed to the macromolecular inhibitors alone (*P < 0.05, t-test). (F) or T98G (open bars) cells were treated with AKBA (20 µM) without or with a 2 h preexposure and a 48 h co-exposure to NAC (1 mM), SOD (50 U ml -1 ) or PBN (100 µM). Data are expressed as in (E) FCS and 1% penicillin-streptomycin. Rat neonatal astrocytes were prepared as previously described .
Cytotoxicity assays were performed in medium containing 5% FCS. The generation of glioma cell clones expressing murine BCL-2 or murine p53 val 135 proteins has been described (Weller et al, 1995a; Wagenknecht et al, 1997b; Trepel et al, 1998) . Glioma cells expressing CRM-A were obtained by electroporation (Biorad Gene Pulser, 250 V, 950 µF) using the pEFR CRM-A flag puro plasmid (Strasser et al, 1995) . Transgene expression was assessed by immunoblot analysis for murine BCL-2 and p53 protein (Weller et al, 1995a; Trepel et al, 1998) and by Northern blot analysis for CRM-A mRNA (Wagenknecht et al, 1998) . Experiments were performed with control transfectants harbouring plasmids without insert (neo for BCL-2, hygro for p53, puro for CRM-A).
Viability and apoptosis studies
The procedures for crystal violet staining, in-situ DNA end labelling, quantitative DNA fluorometry and electron microscopy have been published in detail (Weller et al, 1994 . The MTT assay (3-(4,5-dimethylthiazal-2-yl)-2,5-diphenyltetrazolium bromide) was used to determine viability in HCT116 colon carcinoma cells.
Biochemical studies
For the determination of RNA synthesis, the cells were grown in 12-well plates (10 4 cells ml -1
) and treated as indicated for 8 h. The cells were pulse labelled with 0.5 µCi ml -1 [5, H]uridine (specific activity: 40 Ci mmol -1 ) from 7-8 h, washed with ice-cold phosphatebuffered saline (PBS) (2ϫ) and ice-cold 6% trichloroacetic acid (2ϫ) to remove unincorporated, acid-soluble label, and lysed with 0.1 N NaOH (1 ml) overnight at room temperature. Then, 0.5 ml of the lysate was mixed with 4 ml scintillation cocktail and counted in a liquid scintillation counter. For the determination of protein synthesis, the cells were pulse labelled during the last hour of incubation with 1 µCi ml -1 L- [4, H]leucine (specific activity: 167 Ci mmol -1 ). After washing with ice-cold PBS (3ϫ), the cells were lysed with 0.1% sodium dodecyl sulphate (SDS) (0.5 ml per well) for 30 min at 37°C. Proteins were precipitated by addition of ice-cold 15% trichloroacetic acid (0.5 ml per well) and pelleted by centrifugation (13 000 rpm, 10 min, 4°C). The supernatant (trichloroacetic acid-soluble fraction) was counted in a liquid scintillation counter after addition of 5-ml scintillation cocktail. The pellet (trichloroacetic acid-precipitable fraction) was washed with 6% trichloroacetic acid (3ϫ), dissolved in 0.5 ml 0.1 N NaOH, and the radioactivity of the precipitated proteins measured after addition of 5-ml scintillation cocktail.
Cleavable DNA topoisomerase complex formation induced by classical inhibitors of topoisomerase I or II was assessed by potassium chloride precipitation as described (Rowe et al, 1986; .
The generation of reactive oxygen species was monitored using the fluorescent probe, DCF-H 2 (Reber et al, 1998) . Immunoblot analysis was performed as described (Weller et al, 1994) . The primary antibodies were anti-p53 Ab-2 (Oncogene Science, Uniondale, NY, USA; 2.5 µg ml ). Flow cytometric analysis of CD95 expression was performed as described (Weller et al, 1995b) (× 250) or 20 µM AKBA (C) (× 400) for 48 h and processed for in-situ DNA end labelling as described (Weller et al, 1994 to detect the presence of DNA breaks characteristic of apoptosis. Note the high number of labelled nuclei after exposure to AKBA. No specific labelling was obtained when the co-factor for terminal transferase, cobalt chloride, was omitted MO, USA) as isotype control antibody. Immunolabelling was quantified as specific fluorescence index (SFI) defined by the ratio of the mean cellular fluorescence with specific versus control antibody.
Cell cycle analysis
For cell cycle analysis, the glioma cells were treated as indicated, washed with PBS, incubated with trypsin for 3 min at 37°C, harvested, washed and fixed with 70% ice-cold ethanol. A total of 10 6 cells per condition were stained with propidium iodide (50 µg ml -1 ) in PBS containing 100 U ml -1 RNase A) for 30 min. All samples were analysed on an FacsCalibur flow cytometer using the Cell Quest acquisition and analysis software (Becton Dickinson, Heidelberg, Germany).
RESULTS

Boswellic acids induce apoptosis in human malignant glioma cells
To determine cytotoxic and antiproliferative effects of the boswellic acids, the glioma cells were exposed to different boswellic acids for 0-48 h. Figure 1A -D shows that all four glioma cell lines were susceptible to boswellic acid-induced growth inhibition in a concentration-dependent manner and that the order of potency of the compounds evaluated was similar in all cell lines. Acetyl-β-boswellic acid was most potent, followed by AKBA and β-boswellic acid, whereas amyrin had only minor effects. When the cells were seeded at low density, exposed to the drugs for 24 h, and then allowed to recover for 5-10 generation times, there was no significant decrease in the EC 50 values (data not shown), suggesting that the acute cytotoxic effects shown in Figure 1A -D are responsible for the inhibition of clonogenic survival in the pulse/recovery colony formation assays. Next, we asked whether the susceptibility to boswellic acids was specific for the neoplastic phenotype of glioma cells or could also be observed in untransformed rat neonatal astrocytes. To this end, we exposed the astrocytes to the boswellic acids as done with the glioma cells in Figure 1 . We found that the proliferating neonatal rat astrocytes were no more resistant to boswellic acid cytotoxicity than the malignant glioma cell lines, that is, approximate EC 50 values for cytotoxicity are 20 µM for AKBA, 27 µM for acetyl-β-boswellic acid and 40 µM for β-boswellic acid.
Light microscopic monitoring suggested that boswellic acidinduced growth inhibition of glioma cells was associated with the induction of apoptosis. This was confirmed by in situ DNA end labelling ( Figure 2 ) and electron microscopy ( Figure 3 ). In-situ DNA end labelling revealed a high number of cells harbouring DNA breaks after exposure to AKBA, whereas there was no difference in labelling between untreated cells and amyrin-treated cells (Figure 2 ), corresponding to the toxicity data ( Figure 1 A-D) . Similarly, AKBA, but not amyrin, induced classical features of apoptotic cell death as assessed by electron microscopy ( Figure 3 ). Exposure to AKBA, but not amyrin, induced a moderate degree of DNA fragmentation up to 10% of the total DNA, a value that is consistent with the minor degree of DNA fragmentation induced by other pro-apoptotic stimuli in these cells, including CD95L (data not shown).
AKBA-induced glioma cell apoptosis requires new protein synthesis but does not involve reactive oxygen species formation
AKBA-induced cell death was attenuated by a protein synthesis inhibitor, CHX, but unaffected by the RNA synthesis inhibitor, ActD ( Figure 1E ), suggesting that translation of preexisting mRNA mediates AKBA toxicity. AKBA did not induce the formation of reactive oxygen species (data not shown), and the antioxidants NAC, SOD and PBN did not block AKBA toxicity ( Figure 1F ). Ethacrynic acid was used as a positive control for reactive oxygen species formation (Reber et al, 1998) , and LN-229 cells were exposed to AKBA (20 µM) for 24 h or 48 h and processed for electron microscopy as described (Weller et al, 1994) . (A) (× 2500) shows the appearance of untreated cells, (B) and (C) show different stages of apoptosis 24 h and 48 h after treatment with AKBA. In (B) (× 5700), there is a typical early apoptosis with cytoplasmic blebbing and condensed nuclear heterochromatin. In (C) (× 2200), both apoptotic (arrows) and necrotic cells are visible © Cancer Research Campaign 1999 were either untreated (control) or exposed to AKBA or amyrin at 20 µM. After 2, 4 or 8 h p53, BAX, BCL-2 and p21 protein expression were examined by immunoblot analysis as described (Weller et al, 1997c) . ( potassium-deprived cerebellar granule neurons served as a biological control for the prevention of apoptosis by the antioxidants (Schulz et al, 1996) .
Boswellic acid toxicity: the role of p53, p21, BCL-2, BAX and caspases
To examine the role of major apoptosis control genes in boswellic acid-induced apoptosis, we exposed the glioma cells to AKBA and monitored the expression of p53, p21, BCL-2 and BAX proteins. Figure 4A shows that AKBA neither induces p53 protein accumulation in LN-229, which are wild-type for p53, nor in LN-18, which express mutant p53 protein. AKBA also failed to alter the levels of BAX or BCL-2 proteins, except for a minor reduction of BCL-2 protein at 8 h after AKBA exposure in LN-18 cells. Interestingly, there was a time-dependent accumulation of p21 in both cell lines after exposure to AKBA (20 µM), including p53-mutant LN-18 cells, indicating that p21 expression is induced in a p53-independent manner. p21 inhibits cyclin-dependent kinase (cdk) activity and mediates the p53-controlled cell cycle arrest in G0/1. However, cell cycle analysis after exposure to AKBA revealed no specific pattern of cell cycle redistribution in LN-229 or LN-18 cells despite the induction of p21 expression (data not shown). This may be a consequence of the RB checkpoint disruption in both cell lines which we have been able to link to a homozygous deletion of p16 in both cell lines (Wagenknecht et al, 1997b; Weller et al, 1998) .
To further examine the role of p21 in AKBA toxicity, we compared the effects of AKBA toxicity in HCT116 colon carcinoma cells which were either wild-type or had a heterozygous or homozygous deletion of the p21 gene (Waldman et al, 1995 (Waldman et al, , 1996 . The wild-type cells expressed high levels of p21 constitutively that were not enhanced further by AKBA (data not shown). The wild-type cells were more resistant to AKBA than the sublines with heterozygous or homozygous p21 deletions ( Figure  4B ), suggesting that p21 is not a down-stream effector of AKBA toxicity but confers relative protection from apoptosis, as has been hypothesized for p53-mediated p21 induction (Gomez-Manzano et al, 1997; Trepel et al, 1998) .
To examine the role of p53 in AKBA toxicity in more detail, we took advantage of LN-18 and LN-229 transfectants expressing the temperature-sensitive p53 val 135 mutant that behaves as a mutant p53 protein at 38.5°C but adopts wild-type conformation and activity at 32.5°C (Michalowitz et al, 1990; Trepel et al, 1998) . At 38.5°C (mutant p53), the p53-transfected cells were as sensitive to AKBA as hygro control cells ( Figure 4C ). The shift from 38.5°C to 32.5°C per se reduced drug sensitivity, presumably due to significantly slower proliferation of hygro control cells, reduced metabolic activity and growth arrest of p53 clones at this temperature (Wagenknecht et al, 1997b) . Compared with isogenic hygro controls, wild-type p53-expressing cells (32.5°C) were more sensitive to AKBA-induced apoptosis ( Figure 4D ), even though p21 is induced by p53 under these conditions .
Next, we examined whether ectopic expression of BCL-2 or of the viral caspase inhibitor, CRM-A, affected AKBA toxicity. Figure 4E and F show that neither BCL-2 nor CRMA-A protected LN-18 or LN-229 cells from AKBA-induced apoptosis. To confirm that caspases were not involved in AKBA toxicity of glioma cells, we showed that the caspase 1 (ICE)-type peptide ) (open bars) for 8 h. RNA (E) and protein (F) synthesis were determined during the last hour (7-8) of incubation as described in Methods. Data are mean percentages and s.e.m. (*P < 0.05, t-test). (G) T98G cells were untreated or exposed to AKBA (20 µM), amyrin (20 µM), topotecan (20 µM) or VM26 (10 µM) for 30 min. Cleavable DNA topoisomerase complexes were measured as described in Methods inhibitor, Ac-YVAD-chloromethylketone (YVAD-CMK), and the caspase 3 (CPP32)-type peptide inhibitor, aspartic acid aldehyde (DEVD-CHO), failed to inhibit AKBA toxicity (data not shown). In contrast, ectopic expression of BCL-2 or CRM-A or exposure to the peptide inhibitors attenuated CD95 ligand-induced apoptosis of these cells (Weller et al, 1995a ) (data not shown).
Boswellic acids do not modulate chemotherapeutic drug-induced cytotoxicity but synergistically enhance CD95L-induced apoptosis via inhibition of RNA synthesis
In contrast to dexamethasone, which inhibits chemotherapeutic drug-induced apoptosis of glioma cells , subtoxic concentrations of AKBA did not interfere with the cytotoxic and anticlonogenic actions of several chemotherapeutic drugs, including cytarabine, CCNU, doxorubicin, topotecan, vincristine and VM26. There was also no augmentation of drug toxicity by AKBA. These experiments were done with T98G and LN-229 cells and were performed as in Figure 1A for acute cytotoxicity, and using a 24 h pulse at very low seeding density with 5-10 generation times recovery for assessing effects on clonogenicity. We evaluated combinations of three concentrations of AKBA and four concentrations of each cancer chemotherapy drug. A representative example of these overall negative data is illustrated in Figure 5 .
Conversely, CD95L-induced apoptosis was synergistically enhanced by AKBA (Figure 6 A,B) . This effect was not related to AKBA-induced increases in CD95 expression (Figure 6 C,D) . Potentiation of apoptosis by inhibitors of RNA and protein synthesis such as ActD or CHX is paradigmatic for the cell death induced by cytokines such as CD95L and tumour necrosis factor (TNF)-α (Weller et al, 1994) . Similarly, the concentrations of AKBA required for synergistic glioma cell killing ( Figure 6A ) induced prominent inhibition of RNA synthesis ( Figure 6E ), suggesting that an ActD-like effect mediates synergy of AKBA with CD95L. Protein synthesis was not affected ( Figure 6F ).ActD and CHX served as positive controls for the inhibition of RNA and protein synthesis. Parallel experiments assessing the concentration-response relation for the effects of AKBA on (i) CD95L-induced glioma cell killing and (ii) inhibition of RNA synthesis revealed that both effects were intimately linked (data not shown). In contrast to classical inhibitors of topoisomerase I or II, e.g. camptothecin or VM26, which were used as positive controls, AKBA did not induce the formation of cleavable DNA topoisomerase complexes ( Figure 6G ).
DISCUSSION
Boswellic acids are putative 5-LOX inhibitors which may have a role in the management of various inflammatory conditions and in the control of cerebral oedema in brain tumour patients. These agents seem to block 5-LOX activity by direct interaction with the enzyme at a binding site different from the catalytic centre. Recent data support that the planar pentacyclic ring system is crucial for enzyme binding, but only compounds containing a hydrophilic group on C-4 and a keto-function on C-11, e.g. AKBA, are able to inhibit 5-LOX activity completely. Modulation or elimination of these two functional groups attenuates (e.g., β-boswellic acid and acetyl-β-boswellic acid) or abrogates (e.g. amyrin) the inhibitory effect on 5-LOX activity. Here, we show that boswellic acids induce apoptosis in human malignant glioma cells (Figures 1-3 , Table 1 ). While acetyl-β-boswellic acid is the most toxic substance among the tested boswellic acids, AKBA is the most potent 5-LOX inhibitor, with an IC 50 of 1.5 µM in Ca 2+ /ionophore-stimulated intact polymorphonuclear neutrophils (Safayhi et al, 1992) and presumably in glioma cells (Heldt et al, 1997) . Importantly, amyrin, which is devoid of toxic effects, is also not a LOX inhibitor, suggesting that the functional groups responsible for inhibition of 5-LOX activity also mediate the effects on viability of the glioma cells. Yet, the IC 50 values for LOX inhibition are 10 to 20-fold lower than those required for cytotoxicity (Figure 1 A-D) (Heldt et al, 1997) .
We find that AKBA-induced apoptosis requires new protein, but not RNA synthesis, and does not involve the generation of reactive oxygen species (Figure 1 E,F) . The levels of BAX and BCL-2 are unaltered, and ectopic expression of BCL-2 does not inhibit apoptosis (Figure 4 A,E). The failure of ectopic CRM-A expression or pseudosubstrate enzyme inhibitors to abrogate apoptosis indicates that caspase activation may not be required for AKBA-induced apoptosis ( Figure 4F ). These data make sense in that caspasedependent apoptotic cell deaths are predicted to be inhibited by BCL-2, as e.g. CD95-mediated apoptosis in glioma cells (Wagenknecht et al, 1998) .
Exposure to cytotoxic concentrations of AKBA does not activate p53 activity in a wild-type p53-containing cell line, LN-229 ( Figure 4A ). However, ectopic expression of a temperature-sensitive p53 val 135 mutant facilitates AKBA-induced apoptosis when the grafted protein is expressed at wild-type conformation ( Figure  4D ). p21, the major p53 response protein associated with growth arrest in G0/1, was induced by AKBA in cells with wild-type (LN-229) or mutant (LN-18) p53 status ( Figure 4A ), suggesting that AKBA activates a p53-independent pathway of p21 expression. Interestingly, AKBA-induced p21 expression did not result in a growth arrest in G0/1 or G2/M. However, when glioma cells are growth-arrested by p53 val 135 in wild-type conformation, p21 is also induced (Wagenknecht et al, 1997b) but the cells stably arrest in G2/M (Weller, unpublished observation) , suggesting that p21 expression per se does not determine the type of cell cycle arrest in glioma cells. That p53-dependent p21 expression failed to induce G0/1 arrest in LN-18 and LN-229 cells, was consistent with the disruption of the RB checkpoint in these cells, a target of p21-mediated G0/1 arrest, via loss of both p16 alleles .
The facilitation of AKBA-induced apoptosis by wild-type p53 which also induces p21, as well as the p53-independent induction of p21 by AKBA, suggested a role for p21 as an effector of AKBA-induced apoptosis. To clarify this issue, we compared the isogenic wild-type human colorectal cancer cell line HCT116 with sublines with heterozygous or homozygous p21 gene disruptions for their sensitivity to AKBA ( Figure 4B) .
Interestingly, p21 disruption in these cells enhanced rather than decreased sensitivity to apoptosis. Thus, although these cells did not up-regulate p21 protein expression in response to AKBA and may not reflect the biology of glial tumour cell lines, these observations imply a cytoprotective rather than apoptosis messenger role for p21. Interestingly, p21 has been found to accumulate in gliomas in vivo (Jung et al, 1995) and may mediate the cytoprotective effects of steroids in glioma cells (Naumann et al, 1998) . Further, p21 is now attributed a general role in inhibiting druginduced apoptosis in glial and non-glial tumour cells (Sheikh et al, 1997; Ruan et al, 1998) .
CD95 is a novel target of immunotherapy for malignant glioma (Weller et al, 1994; Weller et al, 1995a) . Interestingly, the LOX inhibitor, NDGA, inhibits CD95L-induced apoptosis of glioma cells (Wagenknecht et al, 1997a ). Yet, boswellic acids that are also LOX inhibitors synergize with CD95L in inducing apoptosis ( Figure 6 ). Thus, NDGA may block apoptosis via mechanisms unrelated to LOX inhibition or boswellic acids synergistically enhance CD95L-induced apoptosis independent of LOX inhibition. Here, the concentrations required for boswellic acid-mediated augmentation of CD95L-induced apoptosis probably exceed those required for LOX inhibition (Sailer et al, 1996; Heldt et al, 1997) , but parallel those required for inhibition of RNA synthesis ( Figure  6E ), suggesting that an ActD-like effect (Weller et al, 1994 ) is responsible for the synergy of AKBA and CD95L. Thus, AKBA is a rather unique pro-apoptotic agent that inhibits RNA synthesis ( Figure 6E ) but requires new protein synthesis, possibly from mRNAs with a long half-life, to mediate toxicity ( Figure 1E ). While preliminary data indicate that boswellic acids inhibit topoisomerase I and II activity (Heldt et al, 1997; Hoernlein et al, 1997) , this effect of boswellic acids differs from those of classical inhibitors, such as camptothecin or teniposide, which induce cleavable DNA/topoisomerase I/II complex formation in the glioma cells (Weller et al, 1997c) (Figure 6G ). Incidently, we find that potentiation of CD95L-induced apoptosis of human glioma cells by camptothecin and topotecan, similar to that of boswellic acids ( Figure 6E ), correlates with inhibition of RNA synthesis . Boswellic acid-induced changes of CD95 expression were excluded as a mechanism of synergy (Figure 6 C,D) . Note that the same concentrations of AKBA that sensitize for acute CD95L-induced apoptosis kill glioma cells upon longer exposure by an apoptotic pathway that requires new protein synthesis ( Figure 1E ).
At present, defined drug formulations containing boswellic acids are not available, and the preliminary putatively beneficial effects of boswellic acids on the oedema of glioma patients (Böker and Winking, 1997) were obtained with tablets that contain undetermined amounts of various boswellic acids. Thus, one may not judge systemic toxicity and anti-oedema activity of pure boswellic acids. Yet, the low systemic toxicity of the available drug formulations (Gupta et al, 1997 ) is certainly promising. From a clinical point of view, the lack of interference of boswellic acids with chemotherapeutic drug-induced apoptosis of glioma cells ( Figure  5 ) is highly relevant. We are currently performing a phase I/II clinical trial to confirm the efficacy of boswellic acids for oedema control in glioma patients with prominent cerebral oedema. Such patients currently depend on steroid medications which have significant side-effects and probably limit the efficacy of chemotherapy . The anti-oedema actions of boswellic acids alone would make them a valuable addition to the limited medical options in the treatment of malignant glioma, specifically because these agents might allow for more effective chemotherapy. Whether the pro-apoptotic effects of low micromolar AKBA concentrations characterized here (Figures 1-6 ) have any clinical relevance, remains to be determined. The lack of specificity for the neoplastic phenotype of glioma cells (Figures 1  and 9 ) suggests that boswellic acids acquire clinical significance in neuro-oncology for their anti-oedema action, but not as tumourcytotoxic agents. Yet, cytotoxicity studies with neonatal astrocytes, which are proliferating cells, as performed here, do not necessarily predict neurotoxicity in vivo, and preliminary studies in laboratory animals suggest that boswellic acids may inhibit the growth of glioma in the absence of intolerable side-effects (Winking et al, 1998) .
